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Abstract
In order to clarify the electronic state and the mechanism of energy dissipations by the motion of
the vortex core in the quantum limit, we measured the microwave complex conductivity of pure FeSe
single crystals in the zero-field limit and under finite magnetic fields. The temperature dependence
of the superfluid density changed as 1 − (T/Tc)
1.2, indicating the presence of nodal lines in the
superconducting gap. From the magnetic-field dependence of the flux-flow resistivity, we found
that a barometer of the electronic state inside the vortex core turned out to be ω0τcore = 1± 0.5.
This suggests that the vortex core of pure FeSe is still in the moderately clean regime, which is
inconsistent with the expectation that the super-clean core is realized in this material. We also
found that the mean-free path inside the vortex core is suppressed at the distance of the order of
the core radius. Based on the observed results and previous reports, we discussed possible origins
of rather small ω0τcore in terms of the multiple-bands nature and additional mechanisms giving
extra energy dissipations specific to the vortex core in motion.
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I. INTRODUCTION
Discovery of the superconducting transition of LaFeAsO1−xFx with the superconducting-
transition temperature of Tc = 26 K
1 triggered energetic researches on iron-based supercon-
ductors (FeSCs), and lots of new FeSCs have been synthesized so far. In order to explore the
origin of superconductivity and/or to clarify their potential for superconducting applications,
experimental investigations on many physical properties of FeSCs have been carried out. The
flux-flow resistivity, which reflects energy dissipations induced by quasiparticles bound inside
the vortex core (Fig.1a), is one of such physical properties. Since the vortex core is formed
by superconducting-gap function, ∆, the flux-flow resistivity, ρf , contains information on
electronic states inside the vortex core and on the superconducting-gap structure related to
the pairing mechanism. As schematically shown in Fig.1b, vortex-core-bound states which is
well-known as Caroli-deGennes-Matricon (CdGM) modes2 are characterized by two energy
scales; an energy spacing, h¯ω0 = ∆
2
0/EF (∆0 is the superconducting gap far from the vortex
core and EF is the Fermi energy), and a width of each levels, h¯/τcore (τcore is a scattering
time of quasiparticles inside the vortex core). The ratio of the spacing to the width, ω0τcore,
is used as a barometer of electronic states inside the vortex core, which is classified into (i)
dirty core (ω0τcore ≪ 1), (ii) moderately clean core (ω0τcore ∼ 1), and (iii) super-clean core
(ω0τcore ≫ 1)
3,4. In cases of conventional SCs (shown in Fig.1c) having a small ∆0 (∼ 1 K)
and a large EF (∼ 10
4 K), energy levels with a fine spacing of h¯ω0 ∼ 10
−4∆0 are distributed
within the superconducting gap. Thus, CdGM modes seem to be a continuum5, and the
electronic state inside the vortex core result in the dirty core with ω0τcore ∼ 0.01. On the
other hand, high-Tc SCs, such as copper oxides and iron pnictides, have been expected to
show much larger ω0τcore thanks to those high Tc (large ∆0) nature. However, previous
investigations on single crystals of YBa2Cu3O7−δ
4,6,7, Bi2Sr2CaCu2O8+δ
8, La2−xSrxCuO4
9,
LiFeAs1−xPx (with x = 0
10 and x = 0.0311), NaFe0.97Co0.03As
12, FeSe0.4Te0.6 (synthesized by
a melt-growth method13) by using a microwave technique reported that the vortex core of
these materials are still in the moderately clean regime (ω0τcore = 0.1−0.5). Therefore, SCs
with the super-clean core have been not discovered, and the dynamics and the dissipation
mechanism of the magnetic vortex with super-clean core has not been clarified yet.
Although the flux-flow phenomena is one of the fundamental topic of superconductiv-
ity discovered more than fifty-years ago, the nature of magnetic vortex in motion has not
3
been fully understood. Indeed, the origin of the force driving magnetic vortices, namely the
Lorentz (electromagnetic) force14,15 and/or the Magnus (hydrodynamic) force16,17, is still
under the debate18. Furthermore, our experimental results reported previously6–13 suggest
that a novel mechanism of energy dissipation, which has not been elucidated, may exist
around the vortex core in motion. This indicates that the interpretation about the flux-flow
phenomenon so far may be missing important factors for understanding the flux-flow phe-
nomena. Therefore, experimental investigations on the flux-flow phenomena is an important
issue related to the basic understanding of superconductivity, and elucidation of the motion
and the dissipation mechanism in super-clean core, mentioned above, is expected to bring
valuable knowledge.
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FIG. 1. (Color online) Schematics of vortex-core bound states. (a) Quasiparticles travel in the
vortex core with the mean-free path of vFτcore and the precession angle of ω0 (the Andreev reflection
at the core boundary is neglected for simplicity). Energy spectrums (b) in the case of moderately
clean core (h¯ω0 ≃ h¯/τcore ⇒ ω0τcore ≃ 1), (c) in conventional SCs (h¯ω0 ≪ ∆0 ⇒ ω0τcore ≪ 1; dirty
core), and (d) expected in pure FeSe (h¯ω0 ≃ ∆0 ⇒ ω0τcore ≫ 1; super-clean core).
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In this article, we focus on a single-crystalline FeSe synthesized by a chemical-vapor
deposition method with KCl/AlCl3 flux
19. We denote this as “pure FeSe” through this
manuscript. Pure FeSe shows a dc resistivity of ρdc(Tc) ∼ 10 µΩcm
19,20. Thus, a quasiparti-
cle scattering time inside the vortex core, τcore, as well as outside the core is expected to be
large. Furthermore, FeSe1−xTex system is known to have a very small EF comparable to the
magnitude of ∆0. Indeed, EF of several meV were found in the band structure observed by a
quasiparticle interference using a scanning tunneling spectroscopy (STS)20. In cases of SCs
with ∆0/EF ≃ 1, novel characteristics, such as a Cooper pairing in the BCS-BEC-crossover
region20 and a huge Ginzburg number (a temperature range where superconducting fluctu-
ations are shown up)21, are expected. From a viewpoint of magnetic vortex in SCs, a large
∆0/EF ratio of the order of unity can be interpreted as the quantum-limit core
22, where the
energy spacing h¯ω0 becomes comparable to ∆0 (Fig.1d). Indeed, the Friedel oscillation of
CdGM modes, which had been predicted in a theory for quantum-limit core22, was observed
by STS measurements on pure FeSe thin films and single crystals23,24. By combining the
high-purity nature (expected from the small residual resistivity) and the quantum-limit-core
nature, pure FeSe is the most possible candidate for the super-clean core.
To elucidate the electronic state and the dissipation mechanism regarding the vortex core
in the quantum limit and to see if the super-clean core is realized, we investigate the flux-flow
resistivity and the superfluid density (the penetration depth) of pure FeSe single crystals
through a microwave complex resistivity measurements.
II. EXPERIMENTAL
Pure FeSe single crystals were synthesized by the chemical vapor deposition method
with KCl/AlCl3 flux
19,25,26. Detailed conditions and processes of synthesis were described in
Refs.25,26 by some of authors. We measured the dc resistivity, ρdc, by using a conventional
four-probe method with PPMS (Quantum Design) under magnetic fields, B, up to 9 T
applied perpendicular to the c axis of the sample (shown in Fig. 2). As shown in the
inset of Fig.2, T onsetc and T
zero
c under B = 0 T were 8.9 K and 8.0 K, respectively. The
residual resistivity evaluated by linear extrapolation of ρdc(T > Tc) into the superconducting
region was about 18 µΩcm, suggesting that our FeSe single crystals are much cleaner than
conventional FeSe1−xTex synthesized by the melt-growth method
13. By increasing magnetic
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fields, ρdc were enhanced due to magnetoresistance similarly to that in Refs.
19,20,25.
FIG. 2. (Color online) The temperature dependence of dc resistivity of pure FeSe single crystals
measured under external magnetic fields up to 9 T applied parallel to the c axis of the sample.
Inset is the enlarged plot of ρdc(T ) measured under B = 0 T.
The superfluid density (the penetration depth) and the flux-flow resistivity were inves-
tigated by using a cavity perturbation technique in a microwave region. We used two
cylindrical cavity resonators made of oxygen-free copper. Those resonators, operated in the
TE011 mode, have resonant properties of (ωblank/2pi,Qblank) = (19.6 GHz, 6.2 × 10
4) and
(43.9 GHz, 2.6× 104) at T = 4.2 K and B = 0 T condition, where ωblank/2pi and Qblank are
the resonant frequency and quality factor of the resonator without inserting a sample into
the resonator. Pure FeSe single crystals (batch #1 and #2) were cut into the rectangular
shape with typical dimensions of 0.4×0.4×0.1 mm3 and put at the center of the resonator.
External magnetic fields (0 T ≤ B ≤ 8 T) and microwave fields were applied parallel to the c
axis of the sample. From the shifts of the resonant frequency and the quality factor between
with- and without sample conditions, we can obtain the microwave complex resistivity, ρ˜,
6
of the sample as functions of temperature and magnetic field. The penetration depth, λ(T ),
(superfluid density, ns(T ) ∼ 1/λ
2(T )) can be obtained from ρ˜ measured in the zero-field
limit. On the other hand, from the data measured under finite B, we can evaluate the
flux-flow resistivity, ρf(T,B), and the crossover frequency, ωcr(T,B)/2pi, which characterize
the crossover from a reactive response to a resistive response27. Detailed information on
analysis process were reported in previous reports13.
III. RESULTS AND DISCUSSIONS
In order to check the superconducting gap structure of pure FeSe, we show the temper-
ature dependence of the superfluid density, ns(T ), of batch #1and #2 measured down to
about 1.6 K with decompressed liquid helium (Fig. 3). Unfortunately, we could not see ns(T )
below 0.18Tc because of relatively low Tc of FeSe single crystals. However, our data were
smoothly connected to the data measured at lower temperatures20 (shown as pink crosses),
and λ(0) = 377±10 nm used for normalization is consistent with previously reported number
of 400 nm20. Obtained ns(T )/ns(0) can be fitted well by a power-law function 1 − (T/Tc)
n
with an exponent of n = 1.2 ± 0.1. This exponent is close to n = 1.4 reported in Ref.20.
Possible origins of the exponent between 1 and 2 are presence of line-nodal gap (1) with a
pair-breaking effect28 or (2) with a nodeless gap with small minima29,30. In pure FeSe single
crystals with ρdc(0 K, 0 T) less than 20 µΩcm, a presence of pair-breaking effect is unlikely.
Thus, we consider that observed exponent (1 < n < 2) originates from the presence of gaps
with nodal lines combined with nodeless gaps. The presence of nodal gaps is consistent with
STS data for pure FeSe single crystals20 and for single-crystalline FeSe thin film with high
purity23.
As for the data measured under finite fields, we show the magnetic-field dependence of
ωcr/2pi measured at T = 2 K in Fig. 4. ωcr/2pi of FeSe0.4Te0.6 single crystal synthesized by the
melt-growth method13 is also depicted for comparison. ωcr/2pi of pure FeSe decreased with
increasing B, which is a conventionally observed behavior in FeSCs and can be understood
by weakening of pinning force due to an increment of repulsive interactions among vortices.
Regarding the magnitude, ωcr/2pi of pure FeSe was about 15 GHz under B = 1 T, which
is much smaller than that of FeSe0.4Te0.6 (ωcr/2pi ≃ 35 GHz)
13. This is consistent with the
fact that disorders, which is expected to act as pinning centers, in pure FeSe are fewer than
7
FIG. 3. (Color online) The temperature dependence of superfluid density of pure FeSe mea-
sured in the zero-field limit. The vertical and horizontal axis are normalized by ns(T ) in the
zero-temperature limit and superconducting-transition temperature, respectively. For comparison,
ns(T )/ns(0) extracted from the inset of Fig.1B in Ref.
20 is also depicted.
FeSe0.4Te0.6 containing lots of disorders such as excess Fe atoms. Indeed, enhancement of
pinning force by introduction of disorders can be seen in a proton-irradiation experiment on
pure FeSe single crystals31. Thus, relatively small ωcr of pure FeSe suggests the high purity
of this material.
Figure 5 shows the magnetic-field dependence of flux-flow resistivity of batch #1 and
#2 measured at 2 K with the 44 GHz resonator. We found that ρf(B) increase linearly
with B at low-B region, which is consistent with behaviors observed in other FeSCs10–13,32.
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FIG. 4. (Color online) The magnetic-field dependence of crossover frequency, ωcr/2pi, FeSe mea-
sured at T = 2 K (red circles). For comparison, ωcr(1.8 K)/2pi of FeSe0.4Te0.6 single crystal
synthesized by the melt-growth method is also shown as black diamonds13.
By fitting ρf(B) with linear function, we obtain a coefficient of linear increment of ρf(B →
0)/B = (3.2 ± 1) × 10−8 µΩcm/T. The Shubnikov-de Haas Oscillation33 and the Hall
resistivity25 measurements for pure FeSe single crystals report the carrier density of n =
3.1 × 1020 cm−3 and 1.9 × 1020 cm−3, respectively. From these numbers, we evaluate a
barometer of electronic state of ω0τcore = Φ0B/npih¯ρf = 1± 0.5. This number is the largest
among other FeSCs we have investigated; LiFeAs (ω0τcore = 0.4 ± 0.1)
10, NaFe0.97Co0.03As
(ω0τcore = 0.14 ± 0.06)
12, BaFe2(As0.55P0.45)2 (ω0τcore = 0.11 ± 0.06, calculated by using
data in Ref.32), and FeSe0.4Te0.6 (ω0τcore = 0.14 ± 0.03, calculated by using data in Ref.
13).
Thus, we believe that ω0τcore ≃ 1 is the manifestation of features of high purity and large
∆0/EF ratio of pure FeSe single crystal. However, it is surprising that ω0τcore is still in the
moderately clean regime. This is inconsistent with the expectation that the super-clean core
is realized in pure FeSe. Here we consider the reason why ω0τcore of pure FeSe resulted in
9
about unity below.
FIG. 5. (Color online) The magnetic-field dependence of flux-flow resistivity, ρf , of FeSe measured
at T = 2 K and 44 GHz (blue squares: batch #1, red circles: batch #2).
One possible origin is a carrier compensation reflecting a multiple-bands nature of FeSCs.
It is well known that most of FeSCs, including pure FeSe single crystal20,34,35, have hole-type
bands and electron-type bands. According to the theoretical model for Ohmic and Hall
components of flux-flow conductivity taking hole-like and electron-like contributions into
account15, cancellation similar to the normal-state Hall resistance might also be occur in
the flux-flow Hall resistivity, ρfH. In this case, the magnitude of a net flux-flow Hall angle,
ω0τcore,
|ω0τcore| = |ρfH/ρf | ≃
∣
∣
∣ρholefH /ρf
∣
∣
∣−
∣
∣
∣ρelecfH /ρf
∣
∣
∣
=
∣
∣
∣(ω0τcore)
hole
∣
∣
∣−
∣
∣
∣(ω0τcore)
elec
∣
∣
∣
(1)
becomes smaller than |(ω0τcore)
hole| and |(ω0τcore)
elec|. Based on this speculation, observed
ω0τcore ≃ 1 is just a posteriori value, and (ω0τcore)j (j = hole, elec) itself might be in the
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super-clean-core regime as we expected. A remarkable reduction of the net carrier density
observed by the normal-state Hall resistivity measurement for pure FeSe25 seems to support
this scenario. However, it is not clear whether the Hall angle in the superconducting state
(ω0τcore) corresponds to that in the normal state (ωcτn, ωc/2pi is the cyclotron frequency and
τn is the scattering time in the normal state) because several SCs (for instance, Vanadium
36,
Bi2Sr2CaCu2O8+δ, and ErBa2Cu3O7−δ
37), change the sign of the Hall angle between in the
flux-flow state and in the normal state. Therefore, it is difficult to conclude that observed
ω0τcore about unity is given by multiple-bands nature of pure FeSe, and there is possibility
that another origin dominates ω0τcore.
To explore another possibility, we evaluate quasiparticle scattering time, τ , in several
conditions (shown in Fig.6). τ in the Meissner state (corresponding to outside of the vortex
core), τMeissner, is calculated by combining the two-fluid model with observed ρ˜ and τ in the
normal state, τn, is evaluated from ρdc(T > Tc, B) (details of analysis are given in Ref.
10).
As for τcore, STS measurements in the center of the vortex core for pure FeSe single crystal
24
and thin film23 observe a differential conductance peak at Vpeak ≃ 0.6 meV. By assuming
this peak as the lowest CdGM level (Vpeak = h¯ω0/2), we obtain τcore of 0.6 ± 0.3 ps from
measured ω0τcore of 1± 0.5. As a result, τcore becomes much smaller than τMeissner.
Similar suppression of τcore compared with τMeissner has been reported in many SCs, such
as YBa2Cu3O7−δ
6, Bi2Sr2CaCu2O8+δ
8, La2−xSrxCuO4
9, Y2C3
38, and LiFeAs1−xPx
10,11. Fur-
thermore, τcore is even smaller than τn , suggesting that energy dissipations are specifically
enhanced in the vortex core. By multiplying the Fermi velocity of vF ≃ 3.5 × 10
4 m/s,
which we evaluated form band-structure data20 with a parabolic approximation, to scatter-
ing times, we obtained mean-free paths of vFτcore = 19±10 nm and vFτMeissner = 150±50 nm
at 2 K. If we use the characteristic field of B0(2 K) ≃ 12.7 T reported in Ref.
33 as the upper
critical field, the coherence length becomes ξ(2 K) ≃ 5.1 nm. Thus, pure FeSe holds the
magnitude relationship of vFτMeissner(2 K) ≫ vFτcore(2 K) >∼ ξ(2 K). Similar relationship
can be seen in cuprates possessing a line-nodal gap (YBa2Cu3O7−δ
6, Bi2Sr2CaCu2O8+δ
8,
La2−xSrxCuO4
9). On the other hand, SCs with nodeless gaps (LiFeAs10 and Y2C3
38) shows
somewhat different relationship; vFτMeissner ≫ ξ >∼ vFτcore. The difference in the magnitude
relationship of vFτcore and ξ between line-nodal SCs and nodeless SCs probably relates to
the presence of nodes in ∆ because quasiparticles in nodal directions, which also give some
contribution to the flux-flow resistivity, spread out the core radius, ξ. In both cases of nodal-
11
FIG. 6. (Color online) The temperature dependence of quasiparticle scattering time in the vortex
core, τcore, (red circle), in the Meissner state (outside of the vortex core), τMeissner, (blue squares),
and in the normal state, τn, (green triangles).
and nodelss SCs, it is clear that motions of quasiparticles are suppressed at the distance of
the order of core radius, vFτcore ∼ ξ. This indicates the importance of physics specific to
the vortex-core boundary to the enhancement of energy dissipations inside the vortex core.
There are some theoretical predictions, which are expected to give extra energy dissipations
inside the vortex core, such as an interplay between a collective motion of the order param-
eter and CdGM modes39 and the spectral flow40. However it is unclear that observed energy
dissipations can be explained by those theoretical models in a quantitive manner, and there
is possibility that another physical mechanism, which have not been recognized even by
theoretical studies, plays a crucial role for extra energy dissipations inside the vortex core
in motion.
Therefore, further investigations from theoretical- and experimental aspects are needed to
elucidate extra energy dissipations specific to the vortex core we observed. From an experi-
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mental viewpoint, investigations on carrier-density dependence and/or frequency dependence
of flux-flow resistivity, may provide us useful information on the dissipation mechanism in
the vortex core. On one hand, from theoretical point of view, microscopic models for the
flux-flow phenomena taking the multiple-bands nature into account may give a reasonable
explanation for our results.
IV. CONCLUSION
In order to clarify the electronic state and the mechanism of energy dissipations by the
motion of vortex core in the quantum-limit, we focused on pure FeSe single crystal being
expected to possess the super-clean core and investigated the microwave complex conduc-
tivity in the zero-field limit and under finite magnetic fields. The temperature dependence
of the superfluid density (the penetration depth) changed as 1 − (T/Tc)
1.2, indicating the
presence of nodal lines in the superconducting gap. From the magnetic-field dependence of
the flux-flow resistivity, we found that a barometer of the electronic state inside the vortex
core turned out to be ω0τcore = 1 ± 0.5. This suggests that the vortex core of pure FeSe
is still in the moderately clean regime, which is inconsistent with the expectation that the
super-clean core is realized in this material. We also found that the mean-free path inside
the vortex core is suppressed at the distance of the order of the core radius. We discussed
possible origins of rather small ω0τcore in terms of the multiple-bands nature and additional
mechanisms giving extra energy dissipations specific to the vortex core. However, it is not
clear that observed ω0τcore can be explained by these physical origins in quantitative manner
and there are possibilities that novel mechanisms specific to the vicinity of the vortex core,
which have not been understood yet, play crucial role for extra energy dissipations.
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